Objectives: This study aimed to develop a novel type 2 diabetes model designated the HND (Horio-Niki diabetic) mouse, by transferring diabetogenic genes from wild castaneus mice (Mus musculus castaneus) captured in the Philippines into laboratory mice (C57BL/6J:B6). Methods: Offspring from the cross between a wild male and a B6 female were backcrossed to the sire. One male backcross which exhibited fasting hyperglycemia was crossed with a B6 female to comprise the fundamental stock (F0). Thereafter, full-sib mating was performed, and mice with impaired glucose tolerance were selected and bred from the F2 generation. Characterization of the phenotype of HND mice and insulin release from their islets was evaluated with F12 generation males. Results: The male HND mice were lean, and spontaneously exhibited impaired glucose tolerance at a high incidence rate at 6 weeks of age. Their serum insulin levels in response to intraperitoneal glucose were markedly attenuated. However, glucose-induced insulin release from isolated HND islets was not affected. Notably, inhibition of glucose-induced insulin release by epinephrine was more pronounced in HND islets than in B6 islets. Moreover, in vivo treatment of HND mice with the a2-adrenergic receptor agonist clonidine resulted in marked hypoinsulinemic hyperglycemia. Conclusions: We suggest the HND mouse may be a distinctive and useful model for type 2 diabetes with impaired neural control of insulin secretion.
Introduction
Type 2 diabetes mellitus, a common, multiple generelated disease, is defined as chronic hyperglycemia resulting from genetic and environmental factors and eventual multiorgan disfunction (1) . Diabetic animal models have greatly contributed to the analysis of its etiology and pathogenesis as well as development of antidiabetic treatment. Historically, the experimental and pharmacologic models for diabetes were developed in early studies. Subsequently, animal models which develop diabetes spontaneously have been established by the breeding study (2) . Recently, more and more mouse models have been developed by transgenesis, that is, overexpression or depletion of diabetes-related genes.
More and more attention has been paid to the investigation of diabetes-related genes. Some monogenic forms of diabetes mellitus, such as maturity-onset diabetes of the young, and other mutations in the candidate genes included in glucose metabolism and b-cell development, have been identified by the human genetic approach (3) . However, the gene defects are found rather uncommonly in type 2 diabetes subjects, and most of the genes responsible for the disease remain to be clarified (4) . Spontaneously diabetic models are invaluable to identify these unknown diabetogenic genes. Spontaneous monogenic models for type 2 diabetes have helped to clarify the pathogenesis of type 2 diabetes, and the primary genetic lesions of these mutant models, such as Lep (5 -8) . However, these identified diabetogenic genes can account for only a small part of human type 2 diabetes. Therefore, development of spontaneous diabetic models with polygenic backgrounds is needed to search for novel diabetogenic genes responsible for common diabetes.
Type 2 diabetes results from impaired insulin secretion from pancreatic b-cells and/or insulin resistance of peripheral tissues. These two factors contribute to the formation of the disease to variable extents. In the majority of Japanese type 2 diabetic subjects, impaired insulin secretion from pancreatic b-cells precedes the development of overt diabetes. Several spontaneous polygenic models of type 2 diabetes, such as the OLETF rat, the KK-Ay mouse, the NSY mouse and the TSOD mouse, develop overt obesity and hyperinsulinemia prior to the onset of diabetes (9) (10) (11) (12) . Notably, the GK rat exhibits distinct dysfunction of pancreatic b-cells without obesity (13) . However, at present, available polygenic models of nonobese type 2 diabetes are very few.
Novel genetic traits with unique properties have been studied in wild mice populations, some of which have never been found in laboratory mice (14) , and wild mice populations with hyperglycemia possibly carry diabetogenic genes. Some of these diabetogenic genes may function as 'thrifty genes' that allow better utilization of a limited food supply but increase the predisposition to diabetes when the food supply is abundant (15, 16) . There is a strong expectation that approaches using polygenic diabetic models derived from wild mice will find novel diabetogenic genes or thrifty genes. Moreover, wild mice have an advantage in mapping mutated genes over laboratory strains owing to the higher level of polymorphisms in the microsatellite markers in wild mice.
In this study, we developed a novel polygenic type 2 diabetes model designated the HND (Horio -Niki diabetic) mouse, by transferring diabetogenic genes from wild castaneus mice (Mus musculus castaneus) captured in the Philippines into laboratory mice (C57BL/6J:B6). The HND mice exhibited mild hyperglycemia with impaired insulin secretion in response to epinephrine.
Materials and methods

Animal management
All mice were maintained in a room at a controlled temperature of 23^3 8C and humidity of 55^5% in a 12-h light/dark cycle. Mice had access ad libitum to regular laboratory chow (Labo MR Stock, Nihon Nosan Kogyo K.K., Yokohama, Japan) and drinking water. All procedures were in accordance with the Experimental Animal Guide of Nagoya University.
Breeding methods
We chose castaneus and B6 mice to develop a novel type 2 diabetes model for the following reasons:
1. The unique genetic characteristics of wild castaneus mouse may include the 'thrifty gene' leading to diabetes upon exposure to abundant food supply. 2. The laboratory strain B6 possesses the genes for type 2 diabetes induced by high-fat diet (17, 18) . 3. The high rate of genetic polymorphism between these two subspecies will be valuable in future mapping studies (19) . 4. The reproductive advantage with the fertile offspring would be observed in this intersubspecific mating (19) .
We selected and mated diabetic mice identified by the intraperitoneal glucose tolerance test (IPGTT) (see below). This selective breeding method has been applied to the development of a few polygenic type 2 diabetes models (9, 11, 13, 20) . The wild castaneus mice used in this study were captured in the Philippines in June 1994. The breeding methods and the pedigree are shown in Fig. 1 . The F1 female offspring derived from the cross between the wild castaneus males and the B6 females were tested for fasting blood glucose concentrations. F1 females had higher fasting blood glucose levels than B6 females. F1 female offspring were backcrossed to the sire to produce the backcross progeny. A 10-week-old male backcross with the highest fasting blood glucose concentration (190 mg/dl) was selected and backcrossed to the B6 females. Thus derived offspring were defined as the fundamental stock (F0). Mice with relatively higher fasting blood glucose levels were selected for breeding in the F0 and F1 generations. The IPGTT (see below) at 8 weeks of age was used to select diabetic mice from the F2 and the succeeding generations. The genetic background of HND mice of the F2 generation originated from B6 mice (62.5%) and the wild-caught castaneus mouse (37.5%). At present, selective breeding has been progressed to F16 generations. In this study, we characterized the F12 male mice. The female mice were used mostly for breeding purposes and were not tested for glucose tolerance.
Body-mass index, measurement of blood glucose and serum insulin, and IPGTT
The body weight and anal -nasal length of these mice were measured at 6-40 weeks of age. The body-mass index (BMI) was calculated as body weight (g) divided by the square of the anal -nasal length (cm). Blood samples were obtained from the tail vein of nonfasting Figure 1 The pedigree of HND mice developed from the male Mus musculus castaneus mouse and the female B6 mice.
or fasting mice at 6, 12, 20 and 40 weeks of age. Serum samples were collected and stored at 2 30 8C until assayed. Serum immunoreactive insulin concentrations were measured by RIA (ShionoRIA; Shionogi, Osaka, Japan) with rat insulin as standard. The IPGTT was performed at 6, 12, 20, 30 and 40 weeks of age by the following protocol. After a 14-h fast (from 2000 to 1000 h), blood samples were collected from the tail vein (fasting or 0 min sample in IPGTT). Then, a 20% solution of glucose (2 g/kg body weight) was injected intraperitoneally, followed by blood sampling at 30, 60 and 120 min after the injection. Blood glucose concentrations were measured by the glucose oxidase method with a Glucose-B Test Kit (Wako, Osaka, Japan). The area under the glucose curve (AUC) in the IPGTT was calculated by the trapezoid rule from the glucose measurements at 0 (fasting), 30, 60 and 120 min (mg £ min/dl). Mice were defined as diabetic when blood glucose concentrations exceeded 200 mg/dl at 120 min after glucose administration.
In vivo insulin response to glucose
After 14-h fast (from 2000 to 1000 h) of male HND and B6 mice at 7 and 23 weeks of age, blood samples (150 ml) were collected from tail vein without anesthesia. Then, a 20% solution of glucose (2 g/kg body weight) was injected intraperitoneally, and blood samples (150 ml) were collected 10 and 30 min after the injection. Insulin concentrations in the samples were measured by RIA.
Insulin secretion from isolated pancreatic islets
Insulin secretion from isolated islets was evaluated by batch incubation. Pancreatic islets were isolated from male HND and B6 mice at 20 weeks of age by collagenase digestion. Batches of four size-matched islets were preincubated for 60 min at 37 8C in 0.6 ml Hepes-buffered Krebs -Ringer solution (119 mmol/l NaCl, 4.75 mmol/l KCl, 5 mmol/l NaHCO 3 , 2.54 mmol/l CaCl 2 , 1.2 mmol/l MgSO 4 , 1.2 mmol/l KH 2 PO 4 , 20 mmol/l HEPES, (pH 7.4)) with 3 mmol/l glucose and 0.5% BSA. After preincubation, the medium was carefully replaced with BSA-containing, Hepes-buffered Krebs -Ringer solution with different glucose concentrations (3 -40 mmol/l) and various substances. Islets were further incubated for 60 min at 37 8C, and insulin released into the incubation media was determined by RIA.
In vivo blood glucose response to clonidine, an a2-adrenergic receptor agonist After 14-h fast (from 2000 to 1000 h) of male HND and B6 mice at 14 weeks of age, blood samples were collected from tail veins. Then, clonidine (50 mg/kg body weight, dissolved in saline) or saline (control) was injected intraperitoneally. Subsequently, blood samples were collected at 30, 60 and 120 min after the injection for glucose determination.
In vivo effect of yohimbine, an a2-adrenergic receptor antagonist, on insulin response to glucose After 14-h fast (from 2000 to 1000 h) of male HND and B6 mice at 15 weeks of age, yohimbine (100 mg/kg body weight, dissolved in saline) or saline was injected intraperitoneally. Blood samples (150 ml) were collected 30 min after the injection from the tail vein without anesthesia. Then, a 20% glucose solution was injected intraperitoneally (2 g glucose/kg body weight), and blood samples (150 ml) were collected 30 min after the injection. Insulin concentrations in these samples were measured by RIA.
Statistical analysis
All results are expressed as mean^S.E.M. Statistical analysis was by Student's t-test. Differences with P , 0.05 were regarded as significant.
Results
Incidence of impaired glucose tolerance, and time-dependent changes in growth curve and body-mass index in HND mice Table 1 shows the incidence of impaired glucose tolerance estimated at 6, 12, 20, 30 and 40 weeks of age in 16 -42 HND mice. The incidence was the highest (80%) at 12 weeks of age, and subsequently declined to 25% at 40 weeks of age. As shown in Fig. 2A , the body weight of HND mice was about 54% of that of B6 mice at 6 weeks of age, and 46% at 40 weeks of age. The body weight of B6 mice kept increasing until 40 weeks of age, but in HND mice its growth reached a plateau (22 g) at 20 weeks of age. BMI at 6 weeks of age in HND mice was significantly lower than that in B6 mice (HND mice, 0.225^0.004; B6 mice, 0.259^0.003), and the difference remained until 40 weeks of age (Fig. 2B) . 
Blood glucose levels
Nonfasting blood glucose concentrations in HND mice at 6, 12 and 20 weeks of age were significantly higher than those in B6 mice (Fig. 3A) . The glucose concentrations in HND mice declined thereafter, and reached a level similar to those in B6 mice at 30 weeks of age. The fasting blood glucose levels in HND mice were significantly higher than those in B6 mice (Fig.  3B) . The levels in HND mice also declined with age, and were comparable to those in B6 mice at 20 and 40 weeks of age.
Intraperitoneal glucose tolerance test (IPGTT)
Glucose tolerance in HND mice assessed by IPGTT was impaired at 6, 12, 20 and 30 weeks of age (Fig. 4A -D) , but not at 40 weeks of age (Fig. 4E) . In all points of age examined so far, the blood glucose concentrations at 30 min in IPGTT were similar in HND and B6 mice. The concentrations at 60 and 120 min in IPGTT in HND mice were significantly higher than those in B6 mice at 6, 12, 20 and 30 weeks of age, but not at 40 weeks of age. Figure 5 shows the value of area under curve (AUC) in IPGTT. The values in HND mice was significantly higher than those in B6 mice at 6-30 weeks of age, but, again, not at 40 weeks.
Serum insulin levels and insulin sensitivity
We measured nonfasting and fasting serum insulin concentrations at 6, 23 and 40 weeks of age. At all points of age, significant differences between B6 and HND mice were not observed at either nonfasting or fasting levels (data not shown). Moreover, the insulin tolerance test was done at 7, 20 and 40 weeks of age. At all points of age, decline of the blood glucose concentrations after insulin injection (0.5 IU/kg body weight, intraperitoneally) was similar in HND and B6 mice.
In vivo insulin response to glucose
Changes in the serum insulin concentrations after intraperitoneal injection of glucose at 7 weeks of age are shown in Fig. 6 . Serum concentrations of B6 mice at 10 min after the injection were increased by 130% when compared with the preinjection value, and at 30 min by 160%. The serum insulin concentrations in HND mice at 10 and 30 min after the injection were almost the same as the preinjection levels. At 23 weeks of age (data not shown), elevation of the serum insulin concentrations in response to glucose injection was scarcely observed in HND mice. 
Glucose-induced insulin release from isolated islets
Glucose-induced insulin release from isolated islets was examined by batch incubation (Fig. 7) . Insulin response from HND islets to 3, 10, 15, 20 and 40 mM glucose was not different from that from B6 islets. Potentiation of insulin secretion by GLP-1 (100 nmol/l), GIP (100 nmol/l) or glucagon (100 nmol/l) in the copresence of 15 mM glucose was also comparable between HND and B6 mice (data not shown). Inhibition of insulin release by epinephrine or the a2-adrenergic receptor agonist clonidine was examined in isolated islets of HND and B6 mice ( Fig. 8A and B) . In the presence of 1 nM epinephrine, inhibition of glucoseinduced insulin secretion was more pronounced in HND islets than the control (Fig. 8A) . Similarly, 10 nM clonidine inhibited insulin secretion from HND islets more potently than B6 islets (Fig. 8B) . We also examined the effects of somatostatin, another hormone/ neurotransmitter which also suppresses glucose-stimulated insulin release via inhibitory trimeric G protein (Gi), on insulin release from pancreatic islets, but no difference was found between HND and B6 islets (data not shown).
In vivo blood glucose response to clonidine
We examined the in vivo effect of clonidine, an a2-adrenergic receptor agonist, on the blood glucose concentration in fasted HND and B6 mice at 14 weeks of age. Fasting blood glucose concentration in HND and B6 mice was 111.3^15.2 and 73.4^7.6 mg/dl respectively. Elevation of the glucose level in HND mice, when expressed as a difference from the fasting values, was more obvious than that in B6 mice at 30, 60 or 120 min after the injection (Fig. 9) .
In vivo effect of yohimbine, an a2-adrenergic receptor antagonist, on insulin response to glucose
We examined the in vivo effect of yohimbine (a2-adrenergic receptor antagonist) pretreatment on insulin response to glucose in HND and B6 mice at 15 weeks of age. In B6 mice pretreated with saline, the intraperitoneal injection of glucose increased serum insulin concentration by 160% compared with the preinjection value (Fig. 10A) . Pretreatment with yohimbine did not affect the insulin response to glucose injection in B6 mice (Fig. 10A) . In HND mice pretreated with saline, the elevation of serum insulin concentration after glucose injection was not observed (Fig. 10B) . However, pretreatment with yohimbine revealed remarkable elevation of the serum insulin concentration (by 105%) by glucose injection (Fig.10B) . 
Discussion
The present study demonstrated that the HND mouse spontaneously developed hyperglycemia with a high incidence rate at an early age, and had a lean body and low BMI. This model may be interesting for investigating the etiology and pathogenesis of type 2 diabetes. We also found that that pancreatic b-cells in HND mice possess hypersensitivity via the a2-adrenergic receptor, resulting in the development of impaired glucose tolerance. Insulin release from pancreatic b-cells is regulated by highly complex and sophisticated mechanisms. It is modulated by many factors, including hormones, neuropeptides and neurotransmitters (21) . It is well known that endocrine pancreas is richly innervated by autonomic neurons, and that insulin secretion by b-cells is strongly inhibited by epinephrine/norepinephrine released from the sympathetic nerve terminals or adrenal glands. Previous studies (22) (23) (24) showed that the inhibitory effect of epinephrine on insulin secretion is mainly due to activation of the a2-adrenergic receptors located on the cell membrane of the b-cell. Binding studies with selective ligands revealed the response of a2-adrenergic receptors on islet cell membranes isolated from rats (25) . Catecholamines decrease intracellular cyclic AMP and regulate ion channel activities via the a2-adrenergic receptor coupled with trimeric Gi protein (26) .
The a2-adrenergic receptor family comprises three receptor subtypes, a2A, a2B and a2C, encoded by distinct genes (27) , and these three receptors in mice have been already cloned in mice (28 -30) . a2A-adrenergic receptor mRNA has been detected in human and rat pancreatic islets (31, 32) . Although the relevant receptor subtype is not directly examined in this study, there is evidence that the a2A subtype is involved in the impairment of insulin secretion (33, 34) . Devedjian et al. (35) generated transgenic mice overexpressing human a2A-adrenergic receptor selectively in the pancreatic b-cell. The transgenic mice showed modest glucose intolerance, and evident hypoinsulinemic hyperglycemia after injection of the a2A-adrenergic agonist. The impaired glucose tolerance in the transgenic mice was abolished by pretreatment with the a2-adrenergic antagonist. These phenotypes in the transgenic mice are quite similar to those observed in HND mice in the present study. The impaired glucose tolerance in HND mice was also recovered by pretreatment with the a2-adrenergic receptor antagonist, yohimbine (data not shown).
We suppose that the reduced incidence of hyperglycemia in the older HND mouse may be due to an agedependent decrease in sympathetic activity. This change results from reduced catecholamine secretion from the sympathetic nerve terminals and/or decreased sensitivity of the relevant adrenergic receptors, as reported in the heart and artery (36, 37) .
To examine genetic traits of diabetes in HND mice preliminarily, B6 female mice were mated with a HND (F14) male mouse to produce hybrid mice, and the hybrid mice were intercrossed to produce intercross mice. The incidence of impaired glucose tolerance in the intercross mice was less than 25%, suggesting that the diabetic phenotype of HND mice is carried by more than one responsible gene. The parental castaneus mouse did not show glucosuria, although we did not check the blood glucose levels. We suppose that the diabetic traits in HND mice are composed of genes having epistatic effects from both castaneus and B6 mice. In the future, genetic analyses, such as chromosomal mapping, will clarify the diabetogenic genes that contribute to diabetic phenotypes of HND mice. One drawback of the HND mice is their low reproduction ability. In HND mice, average litter size after F13 generations was 3.2^0.4.
In the pathogenesis of type 2 diabetes, the role of neural regulation of insulin secretion in glucose homeostasis remains unclarified. At present, the available animal models for investigating this role are very limited. Therefore, we expect the HND mouse to prove a useful model of type 2 diabetes with impaired insulin release. The present results suggest that the alleles from wild castaneus and B6 mice interact in the HND mouse genome, leading to hypersensitivity of pancreatic b-cells to epinephrine and impaired glucose tolerance. We expect that novel causative genes of common type 2 diabetes will be identified with the diabetic HND mouse.
